Esterification ofall-trans-retinol is a key reaction ofthe vertebrate visual cycle, since it produces an insoluble, relatively non-toxic, form of the vitamin for storage and supplies substrate for the isomerization reaction. CoA-dependent and -independent pathways have been described for retinol esterification in retinal pigment epithelium (RPE). The CoA-independent reaction, catalysed by lecithin: retinol acyltransferase (LRAT) was examined in more detail in this study. Addition of retinol to RPE microsomes results in a burst of retinyl ester synthesis, followed by a rapid apparent cessation of the reaction. 
INTRODUCTION
Retinol esterification has been considered a detoxifying reaction, since it converts the vitamin into an insoluble ester that can be stored without the adverse manifestations of the more soluble retinol (for a recent review, see Blomhoff et al., 1990) . In liver, the dynamic equilibrium between the intracellular retinyl ester pool and retinol-binding-protein (RBP)-bound plasma retinol is an important component of plasma retinol homoeostasis, indicating that retinyl esters play more than a passive role in vitamin A metabolism. Recent findings in the visual system indicate that retinyl esters play an additional active role in the visual cycle. In retinal pigment epithelium (RPE) the key reaction of the visual cycle, regenerating the 11 -cis configuration of vitamin A, has been shown to result from conversion of all-transretinyl ester into 11-cis-retinol, a concerted reaction involving isomerization and ester hydrolysis (Deigner et al., 1989) . Esterification of all-trans-retinol in the visual system thus plays an active role in the regeneration cycle, since it supplies substrate for the isomerization reaction [see Saari (1990) and Rando (1991) for recent reviews of the visual cycle].
Retinyl ester in RPE and other tissues is synthesized in CoAdependent and -independent reactions, the former catalysed by acyl-CoA: retinol acyltransferase (ARAT) and the latter by lecithin: retinol acyltransferase (LRAT) (MacDonald and Ong, 1988; Saari and Bredberg, 1988, 1989; Yost et al., 1988) . In our studies of retinyl ester synthesis in bovine RPE we have noted that the CoA-independent reaction is characterized by an extremely rapid apparent cessation of the reaction (for an example, see Figure 1 of Saari and Bredberg, 1988) . We analysed the events leading to the generation of this plateau in the reaction [14C] Palmitate from palmitoyl-CoA is incorporated into preexisting retinyl ester in the absence of net ester synthesis, too. These exchange reactions suggest that the reaction has reached equilibrium at the plateau of the progress curve and that only the accumulation of retinyl ester, and not its synthesis, has stopped during this phase of the reaction. Studies with geometrical isomers of retinol revealed that the rate of exchange of all-transretinol with all-trans-retinyl esters was about 6 times more rapid than exchange of 1 l-cis-retinl with 11-cis-retinyl ester. This is the first demonstration of the reversibility of LRAT and the first example of stereospecificity of retinyl ester synthesis in the visual system. Reversal of the LRAT reaction could contribute to the mobilization of 1 l-cis-retinol from 11-cis-retinyl ester pools.
progress curve in more detail. Exchange studies demonstrate that retinyl ester synthesis continues during the plateau phase without an increase in the amount of retinyl ester. The results suggest that the LRAT reaction has reached equilibrium, a feature that may have physiological significance for the mobilization of 1 l-cisretinol from retinyl ester pools.
EXPERIMENTAL

Materials
Sources and purifications of all-trans-retinol and 1 1-cis-retinol have been given in previous papers (Saari and Bredberg, 1988, 1989 (Saari and Bredberg, 1989) .
Assay for retinol esterlfication
Conditions for LRAT assays have been given by Saari and Bredberg (1989, 1990 Preparation of microsomes from bovine RPE Preparation and storage of microsomes have been described by Saari and Bredberg (1990) . Microsomes prepared from calf and adult bovine eyes were used in this study.
Assay for fatty acids
Non-esterified fatty acids, retinol and retinyl esters were extracted from esterification reaction mixtures. To a 200 1l reaction volume was added 1 ml of methanol, 3 ml of light petroleum (b.p. 35-60°C) and 1 ml of 50 mM K2C03, pH 10. After mixing, the upper phase was removed and extracted with 1 ml of water, which was added to the original lower phase. Retinol and retinyl ester were analysed in the hexane upper phase by chromatography on alumina as described previously (Saari and Bredberg, 1990) . The combined lower phases were acidified to pH 2-3 with 125 ,ul of 6 M HCI and then extracted with 2 x 3 ml of light petroleum. Two extractions of the acidified lower phase provided a 95 % yield of non-esterified fatty acid, verified with [14C]palmitate. After methylation with BF3/methanol, fatty acid methyl esters were analysed with a Hewlett-Packard model 5890A gas chromatograph, by using a double-ramp temperature program from 450 to 240°C and a QV-1701 capillary column for optimum separation.
RESULTS AND DISCUSSION Exchange reactions of LRAT Addition of retinol to buffered RPE microsomes results in an immediate burst of retinyl ester synthesis, followed by a rapid transition to a steady-state condition (plateau) in which the amount of retinyl ester does not appear to change (Saari and Bredberg, 1988) . Previous studies had established that this CoAindependent reaction was due to LRAT (Saari and Bredberg, 1989) . In this study the apparent steady state phase of the reaction was examined in more detail. Several possible reasons for the abrupt halt in retinyl ester synthesis were considered. Retinol depletion was ruled out, as substrate levels of unesterified retinol remain at the plateau region of the progress curve (results not shown). Depletion of PC, the other substrate, has not occurred unless only a small fraction of the total PC can serve as a substrate for the reaction. Product inhibition by 2-acyl-lysoPC was not tested directly, since the propensity for acyl migration with this lysolipid (DeHaas and Van Deenen, 1965) would have made the results difficult to interpret. However, the more stable 1-acyl-lysoPC did not inhibit LRAT when added at concentrations up to 20 ,tM (results not shown). Product inhibition by retinyl ester can be ruled out, since addition of palmitoyl-CoA at the plateau results in further retinyl ester synthesis (Saari and Bredberg, 1988 (Figure 1) , a characteristic of a reaction at equilibrium. Thus it is apparent that retinyl ester synthesis continues during the plateau phase of the reaction and is opposed by another reaction that consumes it.
Two possibilities for the opposing reaction are a reversal of the LRAT reaction or hydrolysis of retinyl ester. We examined the latter possibility by using g.l.c. to determine the non-esterified fatty acid concentrations in samples of RPE (Futterman and Andrews, 1964) . Turnover of even half this amount would have been detectable over the background of palmitate present in the microsomal reaction mixture. Published progress curves for esterification provide further evidence that retinyl ester hydrolysis is unlikely to be involved in generation of the steady state. Retinyl ester is stable for at least a 2 h period (see Figure 1 ; Saari and Bredberg, 1988) (Saari and Bredberg, 1988) , suggesting that exogenous PCs do not readily equilibrate with microsomal lipids serving as substrates. It is also possible that high concentrations of PC in the local environment of the membrane drive the reaction in the direction of retinyl ester synthesis.
The lecithin: cholesterol acyltransferase reaction, which involves acyl transfer from the sn-2 position of PC to cholesterol, also displays exchange complexities. The reaction mechanism has been postulated to involve initial acyl transfer from PC to an enzyme seryl hydroxy group, followed by acyl migration to enzyme cysteinyl thiol groups and then to cholesterol, the ultimate acyl acceptor (Jauhianinen and Dolphin, 1986) . Apparently only the last reaction is reversible, leading to accumulation of [3H]cholesterol in the cholesterol pool after incubation of the enzyme with [3H]cholesteryl [14C]oleate, even though addition of excess lysoPC does not produce labelled PC (Sorci- Thomas et al., 1990 ). Although such a mechanism could explain some of the exchange properties observed here with LRAT, the complexity of the microsomal system precludes making a definite statement at present.
An exchange of [14C]palmitate from [14C]palmitoyl-CoA into retinyl palmitate could also be demonstrated. In this experiment ['4C]retinol was added to microsomes in an amount calculated to be nearly completely esterified (80 % of the retinol esterified at the plateau in a control experiment).
[14C]Palmitoyl-CoA was then added, and 3H and 14C in retinyl palmitate were determined.
As shown in Figure 2 , [14C] palmitate is incorporated into retinyl palmitate in the absence of a net accumulation of retinyl ester. The mechanism for this exchange is likely to involve acylation of lyso-PC by [14C]palmitoyl-CoA, followed by PC participation in the LRAT reaction.
The specificity of retinol exchange was examined in more detail. The experiment involved microsomal synthesis of either all-trans-or 1 l-cis-retinyl ester as described for the experiment of Reaction conditions are as described in Figure 1 S -product of this reaction, permitting a build-up of 11-cis-retinyl esters in the dark. Indeed, up to 60 % of the accumulated retinyl esters can be of the 1 l-cis configuration (Bridges, 1976) . Hydrolysis of 1 -cis-retinyl ester, which must occur before it can be used for visual-pigment regeneration, is thought to involve retinyl ester hydrolases (Blaner et al., 1987; Mata et al., 1992) . Mata et al. (1992) measured the stoichiometry of retinol and palmitate production from all-trans-retinyl palmitate and found essentially equal amounts of each, a result consistent with retinyl ester hydrolase activity and not reversal of LRAT. However, the conditions of their study were quite different from those employed here. In particular, it is unclear whether retinyl ester generated in situ by LRAT is equivalent to retinyl ester added to microsomes with respect to accessibility to enzymes. The observations reported in this paper suggest that reversal of the LRAT reaction could be a component in the mobilization of 1 1-cis-retinyl ester for visual-pigment renewal. Further studies are needed to determine whether the back reaction could provide a quantitatively significant amount of retinol. One of the goals of this study was to establish baseline conditions for study of the LRAT reaction; hence, minimal reaction conditions were employed. Other factors such as cellular retinol-binding protein ('CRBP') and cellular retinaldehyde-binding protein ('CRALBP') are likely to affect the LRAT reaction and, in particular, the processing of all-transand 11-cis-retinol isomers.
